Harvesting rainwater is a common practice worldwide, particularly in areas with no access to a public water supply or insufficient groundwater reserves. More than two million people living in semiarid regions of Brazil consume rainwater stored in cisterns, and little information is available regarding the water quality. Despite the initial good quality of the rainwater, its harvest and storage can introduce contaminants that must be eliminated before consumption. To evaluate the influence of handling, cistern age and precipitation on the quality of harvested rainwater, we monitored seven cisterns in the semiarid Brazilian Northeast over 4 years. Microbial and physicochemical parameters were monitored once a month, and denaturant gradient gel electrophoresis (DGGE) was performed at the end of the monitoring period. Coliform bacteria were detected in 100% of samples, while Escherichia coli were observed in 73.8%. The alkalinity and conductivity were the highest for the recently built cisterns due to the dissolution of construction materials. The DGGE of the 16S r DNA did not reveal the presence of E. coli. Instead, DGGE bands sequencing indicated that species primarily affiliated with Alphaproteobacteria were present in all cisterns, indicating the presence of microbial ecosystems capable of purifying and stabilizing the stored rainwater.
INTRODUCTION
Water scarcity is a problem that affects approximately 1.2 billion people on every continent; over 500 million more people are approaching this status. Another 1.6 billion people, accounting for almost one-quarter of the world population, face economic water shortage: countries lack the necessary infrastructure to move water from rivers and aquifers (FAO ).
In Brazil, the geographical distribution of water is not uniform. The Brazilian semiarid region has suffered from a lack of water for many years (Simões et al. ) ; it is characterized by an average annual rainfall of below 800 mm, an aridity index less than or equal to 0.5 (between 1961 and 1990) , and a drought risk above 60% (between 1970 and 1990 ) (Ministry of National Integration ). Because the rainfall only occurs during 3-4 months of the year, there are over a million homes without any source of water during the dry period, which begins 4 months after the end these towns are precarious. The conventional public drinking water supply system covers 60% of the population, distributing water 9 and 5 days/month for the habitants living in the urban and rural areas, respectively (SNIS ).
Cisterns are commonly used to collect water for domestic use on farms and in areas with little rainfall (Abdulla & Al-Shareef ; Sturm et al. ) . Because the technology is relatively inexpensive and simple, the construction of cisterns has been an immediate solution to the lack of water which is suitable for human consumption during periods of drought for many families (Palla et al. ) . Although rainwater collection and storage systems provide an efficient solution, ensuring the quality of the stored water is critical (Lima et al. ; Lee et al. ) .
Ecological studies of rainwater harvesting systems using culture-independent approaches frequently reveal common phylogenetic groups, such as the phyla Proteobacteria and Most methods used to assess drinking water quality rely on techniques based on isolating and culturing a series of indicator organisms (total coliforms; Escherichia coli (E. coli)) or an indistinct mass of various microorganisms (heterotrophic plate count). This approach has critical shortfalls including a lack of proof that the total heterotrophic counts indicate the presence of pathogenic species (Allen et al. ) , and the fact that some abundant species cannot be cultured.
Complementary methods that analyze the community structure and identify the members and key players in these ecosystems, such as polymerase chain reaction-denaturant gradient gel electrophoresis (PCR-DGGE) and PCR-16S rDNA cloning, provide a less biased and more complete picture. While the presence of enterobacteria should always be a reason for concern in drinking water supplies, the actual quality of this water must be evaluated while accounting for the presence of other bacteria that are often beneficial to the community and abundant in these samples. This culture-independent study of microbial communities in rainwater harvesting systems in Brazil identified the dominant species and compared the community structures within a set of cisterns from two different locations, accounting for ecological parameters, such as richness and diversity.
In Brazil, approximately 470,000 cisterns have been installed in the semiarid region, and the federal government intends to install 1.5 million cisterns through the 'Águapara-Todos' program ('Water for All', Ministry of National Integration ). The cisterns are usually installed in houses scattered throughout the rural areas; in these locations, constructing a conventional water network is difficult or not economically viable. For these households, harvested rainwater is the only source of water for drinking and food preparation. A standard system installed by the Water for All government program consists of a concrete cistern able to hold 16,000 l (for households with five people that are located in areas with 9 months of dry season per year; ASA ) and galvanized steel chutes connected to PVC pipes that move the collected water from the roof to the cisterns. Usually, an initial flush diversion is performed manually by disconnecting the PVC pipes and reconnecting them after an unspecified amount of time.
Although this government initiative has improved the quality of life for millions by providing water for those who previously walked long distances to collect water with buckets, the quality of the rainwater stored in the cisterns must be analyzed, particularly when these systems are not equipped with protective devices, such as pumps and first flush diversion systems. Consequently, this work was conducted to verify the quality of the water stored in cisterns in the Brazilian semiarid region, evaluating the effect of the use of a first flush diverter and the age of the cisterns.
In addition, PCR-DGGE, a culture-independent technique, was used to analyze the structure and diversity of the bacterial communities in the monitored cisterns.
METHODS

Water quality monitoring
For this project, seven standard cisterns (as described in the Introduction) were selected for quality assessments based on the information collected about the structural characteristics and age of the tanks and roof area, as well as the socioeconomic conditions of the communities. The monitoring period was from January 2008 to December 2011. Characteristics of the monitored cisterns are given in Table 1. The cisterns studied are located in the following communities in the state of Pernambuco, Brazil: Lajedo do Cedro (LC1, LC2, LC3 and LC4), in the municipality of Caruaru and Guaribas (GB1) and Canela de Ema (CE1 and CE2) within the municipality of Pesqueira (Figure 1) . Cistern GB1 had a first flush diverter to automatically exclude the water from the first rainfall.
A first flush diverter discards the first millimeter of rainfall and is made of PVC pipe and fittings in a simple, quick and water-tight assembly (Figure 2 ). The device was patented by the Federal University of Pernambuco (patent number BR 20 2012 028275 0). When the rainfall begins, the system must be completely empty before collecting water from the first rain; this water washes contaminants off the roof and gutters. Based on the principle of communicating vessels, a set of pipes is filled to capacity, equaling 1 mm of rainfall, across the roof area. The subsequent precipitation contains lower levels of impurities and travels to the cistern. After each rainfall, the device must be manually emptied to continue functioning correctly. The government recommendations for operating and maintaining the cisterns include: (i) manually diverting the first rainfall, (ii) using only pumps to remove water from the cistern, (iii) keeping the cistern cover closed and (iv) storing only rainwater. During severe drought, however, households are often supplied with chlorinated, piped water.
The samples were collected by using the same procedure as was employed by the residents retrieving water from the cisterns. Buckets were used to draw water in six households, while only one family used a manual pump (GB1). One liter 
Molecular ecology
Samples and collection
Rainwater samples from eight cisterns were collected for the biomolecular experiments. For each of the cisterns from the Pesqueira area (GB1 and CE2; Table 1 ), two samples were collected. The GB1-pump sample was taken from the pump used to draw water from the cistern and the GB1-rec sample was taken from the clay vessel used for storing the water before consumption. Sample CE2-cis was collected directly from the cistern and the CE2-filter sample was taken from the outlet of a clay reservoir with a microporous ceramic filter, which is used to remove the solid particles suspended in the water before consumption. This type of filter is very common in rural areas of Brazil. The other samples were taken from cisterns in the Caruaru region (LC1, LC3, LC4, LC5, LC6 and LC7).
One liter rainwater samples were collected in sterile bottles, placed immediately on ice and filtered through 0.22 μm pore-size cellulose ester membranes (Fmaia, São
Paulo, Brazil). The membranes were stored at À20 W C until DNA-extraction.
Total community DNA extraction
The filter membranes were subjected to the DNA extraction method of Urakawa et al. () , substituting the lysing matrix tubes with 1.5 ml microcentrifuge tubes containing 100 μl of 150-212 μm glass beads (G9018; Sigma-Aldrich, São Paulo, Brazil).
Polymerase chain reaction
A nested PCR protocol was used to amplify the bacterial 16S
rDNA. During the first round, the 27F/1492R bacterial primer set was used to amplify the major portion of the gene (Lane ). These amplicons were used as a template for the second round of PCR; this round used the 968F-GC and 1392R primers (Ferris et al. ) , to target the V6-V8
regions of the 16S rRNA gene.
All PCR reactions were carried out using a hot start 
Statistical analysis of denaturant gradient gel electrophoresis data
The DGGE banding patterns were translated into a presence/absence matrix; a dissimilarity table was generated by calculating the Jaccard index. The samples were clustered using Ward's method and visualized in a dendrogram. The computations were carried out using the R Software Shannon's index of evenness was calculated according to 
RESULTS AND DISCUSSION
General characteristics of the water from the monitored cisterns
The mean values (after 4 years of monitoring) of the physicochemical parameters are shown in Table 2 .
Relatively high pH, alkalinity and conductivity levels were found in the most recently built cisterns (LC2 and LC3) due to the dissolution of the material (precast Total alkalinity (mg CaCO 3 /L) 14.0 ± 19.8 13.1 ± 17.9 4.7 ± 9.3 3.9 ± 5.0 6.9 ± 9.3 6.2 ± 6.7 16.0 ± 15.0 ns Electric conductivity (μS/cm) 118.8 ± 20.7 265.1 ± 102.0 147.0 ± 32.0 134.8 ± 43.9 75.6 ± 13.0 143.9 ± 47.6 92.8 ± 37.8 ns Apparent color (μH) 8.3 ± 7.1 6.8 ± 5.2 7.1 ± 3.3 7.1 ± 4.0 2.3 ± 1.6 5.1 ± 3.4 5.9 ± 4.9 15
Chlorides (mg Cl À /L) 7.0 ± 1.5 7.7 ± 1.4 9.3 ± 3.7 9.3 ± 6.2 5.9 ± 2.0 10.6 ± 4.7 5.9 ± 2.0 250
Total hardness (mg CaCO 3 /L) 46.6 ± 12.9 46.5 ± 7.1 51.1 ± 12.4 47.9 ± 13.4 32.9 ± 5.4 55.0 ± 11.2 39.3 ± 8.8 500
Dissolved oxygen (mg O 2 /L) 5.4 ± 1.1 5.8 ± 1.1 5.1 ± 0.9 5.3 ± 1.7 5.8 ± 1.3 6.1 ± 1.4 5.9 ± 1.5 ns pH 7.6 ± 0. In this study, 8.1% of the samples exceeded this limit.
The age of the cisterns was correlated with the alkalinity, pH and conductivity. The younger the cistern, the higher the detected alkalinity levels (data not shown).
During the first few years after a cistern is constructed, the variations in this parameter were large but tended to stabilize over time. This behavior was observed for the cisterns in Caruaru and in Pesqueira; the results were similar for pH and conductivity.
Heterotrophic bacteria and total coliforms were detected using the traditional microbiological tests at all collection points, throughout the entire monitoring period (Table 3) . Brazilian law does not require the absence of these organisms to classify water as being suitable for human consumption when treatment is not performed in conventional water treatment plants. The tolerance for heterotrophic bacteria is 500 colony-forming units (CFU)/ml, and 46.6% of the samples exceeded this value. The average for the heterotrophic bacteria was 1,031 CFU/ml. Evans Total heterotrophic bacteria (10 2 × CFU/100 ml) 14.0 ± 19.8 13.1 ± 17.9 4.7 ± 9.3 3.9 ± 5.0 6.9 ± 9.3 6.2 ± 6.7 16.0 ± 15.0
Total coliforms (10 3 × CFU/100 ml) 15.1 ± 19.8 17.1 ± 15.0 12.0 ± 14.2 12.2 ± 14.5 5.6 ± 7.3 8.9 ± 11.6 13.9 ± 17.0 E. coli (10 2 × CFU/100 ml) 2.0 ± 3.8 1.9 ± 4.6 6.4 ± 17.9 9.4 ± 15.8 1.1 ± 2.5 1.1 ± 2.5 3.0 ± 6.6 et al. To evaluate the influence of the first flush device, the E.
coli counts throughout the monitoring period are shown in Figure 3 . Total coliforms and E. coli levels (5,600 CFU/ 100 ml and 104 CFU/100 ml) were among the lowest in the water from the cistern where the device was installed (GB1). This cistern also showed less variability in all parameters (smaller standard deviation) (Tables 2 and 3 ). In the case of total coliforms in GB1 the average value was 2.5 times lower than the average for the other points. Similar precipitation during these months. Additionally, in small households (GB1, three people) with low cistern water consumption, the influence of dilution on the conductivity values was less noticeable.
In general, the coliforms counts, apparent color and turbidity increased due to the increased precipitation. In the first 4 months of 2010 at collection point LC2 (Caruaru), the monthly rainfall (57, 90, 120 and 118 mm; INPE ) must have carried impurities from the roof and gutters into the cisterns, increasing the total coliforms (in April the concentration was 91.4 times higher than in January, data not shown). In June, the intense rainfall (329 mm), compared with May (11 mm), must have reduced the level of coliforms because the contact surfaces were already cleaned by the earlier precipitation.
DGGE analysis
The bacterial 16S rRNA gene amplification and DGGE diversity values between studies is problematic without precise methodological standardization.
Thirteen out of the 18 sequenced and identified bands (72%) belonged to the phylum Proteobacteria, mainly to the class Alphaproteobacteria; this class is the most abundant phylogenetic group detected in this study (Table 5 ).
The other sequences were affiliated with Nitrospira (2 bands), Bacteroidetes (1), Cyanobacteria (1) and Firmicutes The ecosystems are adapted to the nutrient-poor water in the storage cisterns, out-competing the potentially harmful microorganisms and degrading toxic compounds, such as heavy metals and pesticides; this phenomenon has been proposed previously (Evans et al. ) and is corroborated by our results. Additionally, the microorganisms in the studied cisterns were affiliated with bacterial groups capable of degrading the cyanobacterial toxins and polyaromatic hydrocarbons that might contaminate the rainwater storage reservoirs in rural areas similar to the one studied in this survey. The presence of these microorganisms may add water purifying properties to these systems.
Clay pots have been used for water storage for thousands of years. In this study, the sequencing results for a clay receptacle (GB1-rec) show that these devices may purify the contained water using specific microbial populations that may develop inside these containers; the three A cluster analysis of the DGGE banding patterns formed two principal groups that, at first, seem to reflect the geographical distance between the two locales of the sample sets because (with one exception) the set of samples from the Pesqueira site and those from Caruaru each cluster together ( Figure 5 ).
Considering that all of the samples from cluster 1 are from cisterns exclusively fed by rainwater, and the samples from cluster 2 were fed by rain-and piped water, the clustering by type of water input is more cohesive. To confirm this observation, a study involving more cisterns with each type of water input would be necessary. The inclusion of an automatic first flush water diverter in cistern GB1 did not generate a distinct band pattern for the corresponding samples and might not have significantly impacted the predominant bacteria in the planktonic community or the microorganisms deposited with the dust and animal feces on the roof of the catchment.
The seemingly random distribution of the Jaccard indices of dissimilarity as well as the richness and diversity indices between the individual cisterns suggested that each water cistern contained its own specific bacterial community. In contrast, the sharing of several bands, the overall dominance of alphaproteobacterial species and the clustering into two groups, which was most likely caused by the different water composition of water input, suggests a common structure and grouping of the bacterial ecosystems into two sets of rainwater harvesting systems that share ecological similarities.
CONCLUSIONS
This study contributes to knowledge about the quality of the rainwater stored in cisterns in physicochemical and microbiological terms, and the suitability of this water for human consumption. The taxonomic data partially resolve the problem inherent to the heterotrophic plate count, which is the lack of qualitative information. Furthermore, a cluster analysis of the DGGE banding patterns can be used to ascertain the compositional similarities between the microbial communities from different cisterns and help to find the possible causes of these similarities.
In summary, the monitored cisterns were an acceptable source of drinking water; however, to protect the consumer from contamination by potentially harmful microorganisms, quality-enhancing systems, such as small pore size filters that are used to eliminate particulate and bacterial components from the water should be employed at the point of use. These results were obtained by studying a semiarid tropical region in Brazil. However, these data are significant on a broader scale because the contamination of harvested rainwater from roof run-off is a ubiquitous problem that affects human health; fortunately, these issues can be monitored and amended in other parts of the world using the measures applied in this paper.
